Abstract-This paper presents the design, fabrication, and measurements of very high frequency kerfless linear arrays prepared from PZT film and PZT bulk material. A 12-µm PZT thick film fabricated from PZT-5H powder/solution composite and a piece of 15-µm PZT-5H sheet were used to fabricate 32-element kerfless high-frequency linear arrays with photolithography. The PZT thick film was prepared by spin-coating of PZT sol-gel composite solution. The thin PZT-5H sheet sample was prepared by lapping a PZT-5H ceramic with a precision lapping machine. The measured results of the 2 arrays were compared. The PZT film array had a center frequency of 120 MHz, a bandwidth of 60% with a parylene matching layer, and an insertion loss of 41 dB. The PZT ceramic sheet array was found to have a center frequency of 128 MHz with a poorer bandwidth (40% with a parylene matching layer) but a better sensitivity (28 dB insertion loss).
I. Introduction F abrication of high-frequency (30 to 50 MHz) ultrasonic linear arrays is still a challenge. The task is even more difficult to build arrays at a frequency greater than 100 MHz, which has the potential to provide more detail skin texture for early diagnosis of melanoma or to image small objects such as stem cells. recent research shows that micro electromechanical systems (MEMs) micro-machined technology is a possible solution to such high-frequency applications although much improvement still needs to be made [1] [2] [3] [4] . Piezoelectric films have already been widely used to fabricate microscale devices [5] . among the piezoelectric films, PZT film has been shown to exhibit good dielectric and piezoelectric properties, making it a possible candidate for ultrasonic transducer material [6] , [7] . In recent years, it has been used to fabricate high-frequency single-element transducers, kerfless annular arrays, lateral mode linear arrays, and low-frequency 2-d arrays [8] [9] [10] [11] [12] . although PZT films typically have a lower electromechanical coupling coefficient than bulk PZT, they have several advantages over conventional PZT bulk materials in ultrasonic transducer applications. For example, the PZT film has relatively low acoustic impedances (~15 to 20 Mrayls) compared with conventional PZT bulk material (~30 Mrayls), which is useful in the fabrication of broad bandwidth ultrasonic transducers. In addition, if the sintering temperature of the PZT film can be further decreased in the future, the PZT film transducers and their processing circuits could be fabricated on the same silicon chip. In this paper, a thickness mode kerfless high-frequency PZT film linear array was developed as an alternative to kerfed arrays if a higher cross-talk level is acceptable, because dicing fine kerfs at present is still a very expensive endeavor. This issue has been addressed by c. Morton et al. [13] and c. E. M. démoré et al. [14] . Performance of the kerfless array prepared from PZT films was compared with a PZT-5H ceramic sheet array fabricated from an identical array pattern.
II. Fabrication of PZT Thick-Film linear array

A. Preparation of PZT Thick Film
The fabrication of PZT thick films was based on a PZT-5H ceramic powder/sol-gel solution composite method, which was described in [12] and [15] . a 4-in 〈100〉 500-μm thick silicon wafer (nova Electronic Materials, ltd., carrollton, TX) with 5000-Å thermal oxide, 200-Å Ti, and 1000-Å Pt was used as a substrate. by using multilayer spin-coating of a composite solution and vacuum-infiltration of sol-gel solution [12] , [16] , crack-free, 12-μm thick PZT films were prepared. Fig. 1 shows sEM images of the film. The surface of the film was sufficiently smooth for array fabrication.
B. Characterization of PZT Thick Film
several important parameters of the film were measured for modeling purposes. circular cr/au electrodes with a diameter of 1.5 mm were first deposited by sputtering. dielectric properties were measured using an agilent 4294a impedance analyzer (agilent Technologies Inc., Philadelphia, Pa) and polarization-field (P-E) hysteresis properties were evaluated using a radiant precision materials analyzer (radiant Technologies, albuquerque, nM). Fig. 2 shows the (a) measured ferroelectric hysteresis loop and (b) dielectric properties of the film, respectively. The dielectric loss tangent and dielectric constant were found to be ~0.03 and 1,200 at 1 kHz, respectively. The clamped dielectric constant and the effective electromechanical coupling coefficient k t of the film were calculated to be [17] . This k t value is smaller than the coupling coefficient of PZT bulk materials (0.4-0.6). The relatively low acoustic impedance, however, made the films easier to match acoustically: to achieve a bandwidth wider than 50%, 2 matching layers will be required for a conventional PZT transducer, but only one matching layer is required for a PZT thick film transducer. The density of the film was also measured. The PZT film was first cut into 10-× 10-mm squares by a dicing saw. The thickness of the film (over 10 μm) was determined using a sEM (Hitachi, s-3500n, Tokyo, Japan) to allow the determination of the volume. Then, the parts were immersed in a KoH 20% solution at a temperature of 80°c. This resulted in the PZT film peeling off from the silicon substrates in approximately 10 min. The sEM images (Fig. 3) confirm that there is no obvious damage to the film when it was removed from the silicon substrate. Finally, the mass of the film was measured using a precision electronic balance (oHaUs corporation, Pine brook, nJ) after clearing Pt/ Ti/sio 2 debris and drying. The density of the film was calculated to be 6300 kg/m 3 , which is about 85% of bulk PZT-5H material (7500 kg/m 3 ). The measured properties are summarized in Table I . The results were later used as the modeling input in Piezocad (sonic concepts, Woodinville, Wa) software.
C. Patterning the PZT Film Arrays
a mask was designed for patterning the 32-element linear arrays. In the initial design, the linear array has a kerf of 12 μm, an element width of 24 μm, and an element length of 4 mm as shown in Fig. 4 .
The details of the fabrication processing are illustrated in Fig. 5 . First, an insulating layer of 1-μm si 3 n 4 was deposited onto PZT thick film and patterned to leave an opening for the working area of the linear arrays. Then a layer of au/cr was deposited on the top surface and patterned as the top electrodes with photolithography. If the au/cr electrode is too thick, it will damp the center frequency. connection will be a problem if the au/cr layer is too thin. based on our experience, 1000Å/500Å of au/ cr is a reasonable thickness: it can provide good conduction and only damp ~1 MHz of the center frequency. The backside silicon under the working area was etched with a XeF 2 etching system. subsequently, the layer of sio2 was removed by boE. Finally a conductive epoxy, E-solder 3022 (Von roll Isola Inc., new Haven, cT), was used as filler and provided the electric connection for the backside electrode, and at the same time, acted as a backing material. Fig. 6 shows the pictures of the device fabricated. only in the working area (marked in green), are the top electrodes directly in contact with PZT thick film. all other areas are covered by the insulating layer of si 3 n 4 .
D. Poling the PZT Film Arrays
The PZT thick film has to be properly polarized to obtain the pulse-echo signal from the array. Wang et al. [18] and Takahiro et at. [19] reported and discussed the poling conditions of PZT ceramics. but those poling conditions are not suitable for the PZT films. The poling electric field of PZT films should be much higher than that of PZT ceramics (normally ~2-3 V/μm) [20] . a set of experiments was performed to determine the optimal poling conditions of the PZT composite films. as shown in Fig. 7 , under constant temperatures, the magnitude of the output voltages of the poled transducer increased with increasing poling fields and reached a nearly constant value at around 12 V/μm. When the poling fields were kept constant, the results suggested that the optimal poling temperature to reach maximum output voltage was around 160°c.
III. Fabrication of PZT sheet linear array
The powder used to fabricate the PZT thick film is PZT-5H. so PZT-5H bulk sheet was chosen to fabricate the bulk material array. The fabrication procedure is very similar to the PZT thick-film linear array. The only major difference is that PZT-5H sheet was used as the piezomaterial in this experiment. a piece of bulk PZT-5H sheet was bonded onto a silicon substrate with E-solder 3022 and was later lapped to 15-μm thickness with a precision lapping machine (daG 810 Grinder, disco corp., Tokyo, Japan). The same mask was used to pattern the kerfless arrays with the same microfabrication procedures described previously.
IV. results
With data listed in Table I , Piezocad software was used to predict the performance of the kerfless arrays. In the models, E-solder 3022 (5.9 Mrayls) was selected as the backing material. no matching was added. The modeled results predicted that the center frequencies of the PZT film and PZT-5H array are 118 MHz and 132 MHz, as shown in Figs. 8 (a) and (b) , respectively. The modeled results also suggested that, without any front matching, the bandwidth of the PZT film array might reach 47%, which is 17% higher than PZT-5H array (30%). after proper poling and packaging, the pulse-echo signals of the PZT film and PZT-5H arrays were successfully recorded and plotted in Figs. 9 (a) and (b) , respectively. The measured pulse-echo of PZT film array is in good agreement with the modeled data. This confirms that the measured PZT film properties in Table I are accurate. The PZT-5H array's echo shows fewer rings than the modeling result. Most likely, it was caused by either the deviation of data values provided in the PZT-5H datasheet or the fabrica- tion errors such as the acoustic impedance of the E-solder is higher than the experimental value of the 5.9 Mryals. To further improve the bandwidth of the arrays, a layer of 5-μm parylene was deposited onto the front-surface of the arrays as the matching material. With the parylene matching, the bandwidth of the PZT film array might be as high as 60% and the bandwidth of the PZT-5H array increased to 40%. Higher bandwidth of the PZT film array is attributed to its lower acoustic impedance compared with PZT-5H sheet array. To compare the sensitivity of the arrays, 2-way insertion loss testing was performed. In the setup, a piece of 2-inch quartz was immersed in a degas water bath at room temperature as a target. 20-cycle 5-V sinusoid high-frequency bursts was generated by Tektronix aFG2020 function generator (Tektronix, Inc., richardson, TX) as the signal sources. The echo signals were acquired and displayed using the lecroy lc534 1-GHz digital oscilloscope (lecroy, chestnut ridge, ny). because the echo signal of the thick film array is weak, the echo was first amplified by a 35-db low-noise high-frequency Miteq aU-1466 preamplifier (Miteq, Hauppauge, ny) before feeding to the oscilloscope. losses due to attenuation in the water bath and the transmission of the signal in the quartz target were compensated for, but the losses caused by diffraction were not included. The PZT film array and PZT-5H array was found to have insertion losses of 41 db and 28 db, respectively. all the above measured results are summarized in Table II . The results showed that the PZT film kerfless array had a center frequency of 120 MHz, a bandwidth of 60% with a parylene matching layer, and insertion loss of 41 db. The PZT sheet kerfless array was found to have a center frequency of 128 MHz. The measured results revealed that the PZT sheet array has a poor bandwidth (40% with a parylene matching layer) but a better sensitivity (28 db insertion loss).
V. conclusion
High-frequency (> 120 MHz) kerfless ultrasonic linear arrays were successfully fabricated with PZT film and PZT-5H sheet. The experimental results suggest that PZT film arrays may be useful in broad bandwidth applications because of its relatively low acoustic impedances (15 to 20 Mrayls) compared with PZT sheet materials (~30 Mrayls). PZT 5H sheet, on the other hand, has greater sensitivity, because of its much higher coupling coefficient of the PZT-5H (k t = 0.55) than the PZT film's (k t = 0.34). The insertion loss of the PZT-5H array is 13 db lower than PZT film array's. There is still room for further improvement of PZT film functional properties making them comparable to PZT sheet by optimization of spin-coating procedure (such as spin-coating speeds and durations), sintering condition, PZT pure solution vacuum-filling procedure (such as vacuum pressure and duration and filling sequence), and PZT pure solution to PZT powder mass ratio. doping of PZT solution also has been shown to enhance properties of the films [21] . The next step for this work is to separate the arrays' elements with deep reactive ion etching (drIE) dry etching technology. This will decrease the cross-talks between elements.
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